Abstract. We study the spatial adaptive dynamics of a continuous trait that measures individual investment in altruism. Our study is based on an ecological model of a spatially heterogeneous population from which we derive an appropriate measure of fitness. The analysis of this fitness measure uncovers three different selective processes controlling the evolution of altruism: the direct physiological cost, the indirect genetic benefits of cooperative interactions, and the indirect genetic costs of competition for space. In our model, habitat structure and a continuous life cycle makes the cost of competing for space with relatives negligible. Our study yields a classification of adaptive patterns of altruism according to the shape of the costs of altruism (with decelerating, linear, or accelerating dependence on the investment in altruism). The invasion of altruism occurs readily in species with accelerating costs, but large mutations are critical for altruism to evolve in selfish species with decelerating costs. Strict selfishness is maintained by natural selection only under very restricted conditions. In species with rapidly accelerating costs, adaptation leads to an evolutionarily stable rate of investment in altruism that decreases smoothly with the level of mobility. A rather different adaptive pattern emerges in species with slowly accelerating costs: high altruism evolves at low mobility, whereas a quasiselfish state is promoted in more mobile species. The high adaptive level of altruism can be predicted solely from habitat connectedness and physiological parameters that characterize the pattern of cost. We also show that environmental changes that cause increased mobility in those highly altruistic species can beget selection-driven self-extinction, which may contribute to the rarity of social species.
Altruism is a cooperative behavior by which a donor individual increases a recipient's fitness at the cost of its own fitness. Over the last decade, major progress in the study of the evolution of altruism has been made. On the theoretical side, models have gained a significant dose of realism from the explicit inclusion of spatial factors and the consideration of conditional behavior (Nowak and May 1992; Ferrière and Michod 1995; Roberts and Sherrat 1998) . On the empirical side, ecological and genetic determinants of altruistic behavior have started to be identified, and physiological costs and benefits have been measured (Crespi 1996; Bourke 1997; Cockburn 1998; Heinsohn and Legge 1999) . However, the merging between theory and facts has led to conflicting interpretations of processes and patterns in the evolution of altruism.
Two main processes have been put forward to explain the evolution and maintenance of altruism: kin selection (Hamilton 1964) and reciprocity (Trivers 1971; Axelrod and Hamilton 1981) . Kin selection initially met with great success in explaining empirical observations (for example in social insects). However, recent theoretical developments, based on spatially implicit models, have pointed out a critical issue in this framework: the deleterious effects of kin competition should cancel out the indirect benefits of an altruistic behavior, thereby preventing the evolution of altruism (Queller 1992 (Queller , 1994 Taylor 1992a,b; Wilson et al. 1992) . In contrast, game-theoretic spatial models involving conditional reciprocity have shown that reciprocal altruism evolves readily in spatially heterogeneous populations (Nakamaru et al. 1997 (Nakamaru et al. , 1998 . These theoretical findings are in sharp contrast with empirical advances. On the one hand, unequivocal evidence is lacking for the expectedly widespread occurrence of reciprocal altruism, and reciprocity involves already fairly elaborate behavioral mechanisms (e.g., memory of past interac-tions) that are unlikely to be relevant to our understanding of the evolution of primitive forms of altruism (Pusey and Packer 1997) . On the other hand, kin selection is still regarded as essential to explain the transition from selfish to cooperative units at all levels of biological organization (Maynard Smith and Szathmary 1995) , and many empirical examples of the specific transition from solitary to social life in animals seem indeed to fall under the scope of kin selection (Bourke 1997; Emlen 1997) .
Widely different patterns of altruistic behavior have been described in a large array of taxa spread across bacteria, slime molds, arachnids, insects, and vertebrates. Levels of altruism, as described by the qualitative and quantitative natures of the investment by donors and benefit to recipients, have been found to vary between different species (Edwards and Naeem 1993; Crespi 1996) or within the same lineage across evolutionary time (Jarvis et al. 1994; Wcislo and Danforth 1997) , between different populations within the same species (Spinks et al. 2000) , and between groups of individuals within the same population (Cockburn 1998; Strassmann et al. 2000; Velicer et al. 2000) . Most models have aimed at understanding how altruism can evolve in a selfish world, and how altruists can persist in the face of cheaters that reap the benefits of altruism while providing less or no help. Yet little theory is currently available to probe the adaptive significance of such variation in patterns of altruism and to identify physiological, ecological, and genetic determinants.
This study offers a theoretical framework to address these tensions. We consider a population of asexual organisms that live in a spatially homogeneous, temporally constant habitat where competition and cooperation take place between kin and nonkin neighbors (van Baalen and Rand 1998) . First, we address the robustness of previous investigations that questioned the role of kin selection for the evolution of altruism. To this end, we relax two of their critical assumptions. A dose of movement may help export the local benefits of altruism. Thus, we expect the effect of kin competition to be sensitive to the habitat spatial structure and the inclusion of individual mobility (Queller 1992) . We therefore relax the pure-viscosity hypothesis according to which individuals (except offspring) are sessile (Hamilton 1964; Taylor 1992a,b) . In our model, offspring are born locally, but in contrast with most viscous population models, individuals move during their lifetime (van Baalen and Rand 1998) . Also, most kin selection models assume that the population is saturated and constantly maintained at carrying capacity. This lack of environmental elasticity might prevent the spread of altruism (Queller 1992; Mitteldorf and Wilson 2000) . To overcome this restriction, we assume that population regulation arises locally from the limited empty space being available for offspring. In our model, the habitat is not saturated, because occupied sites coexist with empty sites generated by demographic stochasticity (Ferrière and Le Galliard 2001) .
Second, we want to understand adaptive variation in altruism from basic physiological, ecological, and genetic properties that could be documented in natural populations. This is achieved by assuming that altruism is not an all-ornothing behavior and is better modeled as a quantitative trait that measures the amount of time, energy or resources invested in the altruistic function (Doebeli and Knowlton 1998; Roberts and Sherrat 1998; Koella 2000) . At the physiological level, populations or species may differ according to the pattern of energy allocation to altruism versus other costly functions (Heinsohn and Legge 1999) . We therefore assume that the physiological cost of altruism relates quantitatively to the actual altruistic investment. In contrast with previous models (Doebeli and Knowlton 1998; Roberts and Sherrat 1998) , however, we envision three alternative costs patterns: a decelerating, a linear, and an accelerating dependence of costs on investment in altruism. At the level of ecology, populations or species may also differ with respect to interaction structure. Two determinants of this structure are habitat connectedness and individual mobility Michod 1995, 1996; Nakamaru et al. 1997; Frank 1998) . Introducing specific parameters for these two factors allows us to investigate their effect on the adaptive evolution of altruism. At the level of the genetic processes, mutation rates and mutational effects determine the population phenotypic diversity upon which selection operates. Our study addresses to what extent variations in these basic genetic features can contribute to variations in adaptive patterns of altruism.
From a methodological point of view, we develop a model of population dynamics based on spatial correlation equations (Matsuda et al. 1992; van Baalen and Rand 1998; Rand 1999; Ferrière and Le Galliard 2001) to study the evolutionary dynamics of altruism in the framework of adaptive dynamics theory (Dieckmann and Law 1996; Metz et al. 1996) . The central notion is that selective pressures acting on mutant phenotypes are generated by the background population dynamics of resident phenotypes. After identifying selective pressures and incorporating them in a deterministic model of adaptive dynamics, we provide a classification of adaptive patterns of altruism according to the shape of physiological costs, the levels of individual mobility, and the degree of habitat connectivity. The stability of the evolutionary endpoints and the effect of large mutations are investigated to gain insight into how variation in the mutation process may determine the adaptive outcome. Finally, the robustness of the salient conclusions drawn from our analytical study is tested against stochastic, individual-based simulations.
MODEL ASSUMPTIONS
We consider a population of haploid individuals that inhabit a network of homogeneous sites, modeled as an infinite lattice (Appendix 1). Each site may be empty or may be occupied by one individual. Each site is randomly connected to a set of sites that defines a neighborhood (Appendix 1). We assume that every site is connected to the same number of sites, denoted by n. Thus, the neighborhood size n provides a measure of the habitat's connectedness.
Mobility and interaction are defined locally, at the neighborhood scale. During any small time interval, an individual may move to an empty site within its neighborhood, reproduce by putting an offspring into an empty neighboring site, or die. The per capita mobility rate, m, and death rate, d, are unaffected by local interactions. Mobility is assumed to be costly to the individual, with a permanent negative effect on the individual's birth rate. This is expected in organisms where a stronger ability to move, resulting from specific FIG. 1. Costs of altruism as a function of the individual investment in altruism (u). This function is given by C(u) ϭ u ␥ (with ϭ 1 in this display). Decelerating costs, ␥ Ͻ 1: the cost increases with the rate of altruism first steeply and then more slowly. This pattern makes the origin of altruism from selfishness more difficult. Accelerating costs, ␥ Ͼ 1: the cost increases with the rate of altruism first slowly and then steeply. This pattern turns out to influence the long-term adaptive level of altruism. Linear costs, ␥ ϭ 1: the rate of increase of the cost is independent of the level of altruism.
structures (e.g., gliding flagella or muscles), imposes a developmental or maintenance cost. For example, the dispersive morph in the naked mole rat diverts more energy into growth and fat storage to compensate for the risks of moving in inhospitable habitats (O'Riain et al. 1996) . The cost of mobility is assumed to impact linearly on the intrinsic birth rate such that the net per capita birth rate (in the absence of interaction) is given by b(m) ϭ b Ϫ m, where b measures the intrinsic per capita birth rate in sessile organisms that do not invest energy into mobility, and measures the sensitivity of the cost to mobility.
We assume that two types of local density-dependent factors affect movement and reproduction (Appendix 1). First, both movement and reproduction are conditional on the availability of empty sites within the neighborhood. Thus, local crowding negatively affects the rates of mobility and birth. Second, reproduction is enhanced by altruistic interactions with neighboring individuals, which induces a positive effect of local crowding. Here we assume that an altruistic interaction improves the quality of neighboring sites. This may involve storage of resources, habitat engineering, or signaling. The altruistic phenotype is defined by the per capita rate of investment, u, into the altruistic function. The altruistic behavior is directed evenly toward all neighboring sites, regardless of the presence or phenotypes of neighbors. In effect, every neighbor of a focal individual that invests at rate u into altruism receives a birth rate increment equal to u/n (Wilson et al. 1992) . Therefore, altruism is only effective in practice provided some recipients are present in the neighborhood of the donor and some space is available in the neighborhood of the recipient for its offspring. We use the terms ''selfishness'' to describe a phenotype that does not invest in altruism (u ϭ 0) and ''quasi-selfishness'' to refer to a phenotype that hardly invests in altruism (u ഠ 0).
We further assume that altruism involves a physiological cost on the donor's reproduction, and we distinguish three patterns of dependence of costs on the investment in altruism: accelerating, linear, and decelerating (Fig. 1) . With accelerating costs, the increase of the cost resulting from an increased altruistic investment becomes disproportionately larger as the initial investment increases. For example, in the cooperative bird Corcorax melanorhamphos physiological costs are detected only among individuals that invest strongly in altruism (Heinsohn and Cockburn 1994) . Conversely, a decelerating pattern yields a disproportionate increase of costs at lower investment. This would apply to organisms in which the initiation of altruism from a selfish state would be very costly. In the limiting case of a linear pattern, the cost sensitivity is independent of the level of investment. The physiological cost of altruism, C(u), is modeled as a simple, allometric function that encapsulates the three patterns of decelerating, linear, and accelerating costs: C(u) ϭ u ␥ , where scales the sensitivity of the cost to the investment ( Ͼ 0), and ␥ determines whether costs are accelerating (␥ Ͼ 1), linear (␥ ϭ 1), or decelerating (␥ Ͻ 1).
Mutations cause the altruistic phenotypes of offspring to differ from those of their parents. Mutations occur with a fixed probability per birth event, denoted by k. The mutant phenotype is obtained by adding the mutation effect to the progenitor phenotype. Mutation effects are drawn randomly from a normal probability distribution, with zero mean and a mutational variance 2 . The resulting polymorphic, stochastic process can be simulated on a finite lattice (Appendix 1). Table 1 summarizes the notations.
SPATIAL POPULATION DYNAMICS OF RESIDENTS
Selective pressures acting on a mutant phenotype result from the interaction between the initially scarce mutant population and the background population. The finite size of the interaction neighborhood and the finite range and rate of dispersal and fecundity cause spatial fluctuations and spatial correlations to develop in population density (Dieckmann and Law 2000) . Thus, spatial population heterogeneity develops in a spatially homogeneous habitat. We use the framework of correlation equations to derive an analytical model describing the spatial dynamics of such a background population (Appendix 2). Assuming that mutation occurs rarely, the background population may be considered as monomorphic (Dieckmann and Law 1996; Metz et al. 1996) . In this section we apply the polymorphic, ecological model to the specific case of a monomorphic population. This will provide the basic ingredients needed in the next section to model the dynamics of a mutant phenotype against this resident population.
Let us consider a single phenotype x that invests in altruism at rate u x . The temporal dynamics of a population of x can be described by tracking over time t the frequency of occupied sites, p x (t). These dynamics depend on the neighborhood composition, described by the local frequencies q iͦx , that is, the probabilities that an occupied site is neighbored by at least one site in the state i (Matsuda et al. 1992) . The frequency p x obeys the ordinary differential equation dp (t) pseudo-equilibrium frequency of sites i neighboring a rare mutant y involving the local frequencies q xͦx (t) and q 0ͦx (t) of occupied and empty sites next to an occupied site at time t, and ϭ 1/n. A closed system of correlation equations for the dynamics of local frequencies is constructed in Appendix 2 by making use of the standard pair approximation (Matsuda et al. 1992; Rand 1999; Iwasa 2000; van Baalen 2000) . At equilibrium, the spatial structure of a monomorphic population depends on the mobility rate and the altruistic investment (Appendix 3). The spatial structure is characterized by some degree of aggregation (Fig. 2) . The spatial structure vanishes at high mobility rates and for large birth rates, because birth is associated with offspring dispersal. More aggregation is found in organisms with low mobility and in organisms with very high mobility that consequently incur a severe reduction of their birth rate (due to the cost of mobility). The relationship between altruism and aggregation depends on the pattern of cost. In species with linear and decelerating costs, strongest aggregation is observed at low altruistic investment . In species with accelerating costs, strongest aggregation is observed in organisms with low altruism, or with high altruism, when the birth rate is drastically reduced by the cost of altruism (Fig. 2F) .
For some parameter combinations, extinction is the only stable population equilibrium (Fig. 2) . Extinction results from the total cost of mobility and altruism not being compensated. High mobility causes extinction because it implies a large direct cost that depresses the intrinsic birth rate b(m), along with the reduction of the indirect benefits of altruism due to the loss of local aggregation. Species with accelerating costs can also undergo extinction at high investment in altruism (Fig. 2F) . In all other cases, the altruistic population is viable and two types of population dynamics can be distinguished (Fig. 2) . Borrowing terminology from the field of mutualism studies, we call the corresponding phenotypes ''facultative'' versus ''obligate.'' Thus, altruism is said to be facultative when the population growth rate in the limit of very low population density, b(m) Ϫ d Ϫ C(u x ), is positive. The population is then characterized by a single, globally stable, and positive equilibrium (p x , q xͦx ; Fig. 2A ). Altruism is said to be obligate when the limit growth rate is negative and the population dynamics thus shows bistability. In this latter case, the positive equilibrium is locally stable and coexists with the extinction equilibrium, which is also locally stable. A population of obligate altruists may attain the viable equilibrium state only if its initial density lies above a critical threshold ( Fig. 2A) . This phenotypic state is therefore associated with low colonization ability and an elevated risk of extinction because a viable population can neither be established from an initially low density nor be maintained below a critical density threshold.
SPATIAL INVASION FITNESS OF MUTANTS
The invasion fitness of a mutant is defined by its per capita growth rate while being rare in a resident population at ecological equilibrium (Metz et al. 1992) . In this section, we analyze the growth of such a small mutant population in the resident population described in the previous section (Appendix 4).
The invasion dynamics of a rare phenotype involves three phases (van Baalen 2000; Fig. 3 ). In a first, short phase, the small mutant population locally spreads from a single mutant individual up to the point where the mutant population attains a pseudo-equilibrium correlation structure. The buildup of this structure is highly stochastic but occurs with certainty on a finite time scale (Matsuda et al. 1992) . Indeed, the cost of altruism dooms any single altruistic mutant in an established population of selfish individuals. Drift is first needed to drive the mutant population to its pseudo-equilibrium spatial structure. Also, the initial spread of the mutant depends on the local spatial structure of the resident population. For example, an altruistic mutant that arises in a neighborhood where selfish residents are more frequent than expected on average will face an increased risk of extinction. Denoting the mutant by y, to describe this transient structure we use the pseudo-equilibrium local frequencies q 0ͦy , q xͦy , and q yͦy of empty, resident, and mutant sites, respectively, around a focal mutant site. These statistics are calculated in Appendix 5. Conditional on nonextinction during this first phase, the mutant dynamics then enter the second phase, during which the mutant population expands or contracts while its population keeps its pseudo-equilibrium structure and the resident population remains close to its own equilibrium (Fig. 3) . Spatial invasion fitness can be defined as the mutant population growth rate during this second phase (van Baalen and Rand 1998) . A positive fitness implies that the invasion process enters a third phase, during which the mutant phenotype displaces the resident (Fig. 3) , while a negative fitness implies mutant population extinction.
The spatial invasion fitness, s x (y), can be expressed as a function of the pseudo-equilibrium statistics of the mutant population. Combining the population growth rate (eq. 1) with the expression of the mutant pseudo-equilibrium local frequencies, s x (y) is given by
Notice that the benefit of altruism (second and third terms) is measured conditionally on the presence of at least one empty site for breeding and depends upon the amount of help received from n Ϫ 1 (not n) neighboring sites and the local frequency of empty sites, q 0ͦy . This expression bears an interesting relationship to the notion of direct or neighbor-modulated fitness of additive behavioral effects (Frank 1998) . Direct fitness is derived by summing the effects on a focal individual's fitness of all phenotypes present in the neighborhood (including the focal individual itself). Likewise, the spatial invasion fitness of a focal mutant is obtained by adding to the mutant neighborindependent fitness (first term) the effects of a resident neighbor (second term) and that of a mutant neighbor (third term), weighed by the probabilities of occurrence of such neighbors.
SELECTIVE PRESSURES
We now derive a simplified version of the spatial invasion fitness to analyze the selective pressures acting on the altruistic trait under small mutational steps. This will be the basis for studying the evolutionary dynamics of altruism. By using the fact that the resident's fitness in its own environment is always zero, s x (x) ϭ 0, the selection derivative can be derived from a first-order approximation of the spatial invasion fitness, and equals
· Η ‫ץ‬u y yϭx where a measures the gain (or loss) of open space in a mutant's pseudo-equilibrium neighborhood relative to the resident's at equilibrium (see Appendix 5 for details). This expression exhibits three selective pressures driving the evolution of altruism. The first term on the right side of equation (3) quantifies the pressure for increased investment in altruism. The second term measures the pressure for opening free space in an individual's neighborhood. The last term measures the pressure for reducing the physiological cost of investing in altruism.
Extensive computations suggested that the pressure for opening space, albeit not vanishing, is negligible compared to the two other selective components (Fig. 4) . This implies that q 0ͦx ഠ q 0ͦy , hence a ഠ 0 in equation (3) (see Appendix 5). This also implies that as long as the mutant phenotype stays rare, the resident correlation structure is redistributed over the pairings of mutants with their own type and the resident type: q 0ͦx ϭ q yͦy ϩ q xͦy . Thus, the mutant is less aggregated than expected when common, and therefore rare mutants are less likely to interact among themselves during the initial phases of invasion (Fig. 3) . Globally, the evolution of altruism is not limited by competition for empty sites within the invasion structure, and the condition for an adaptive increase in altruism, ‫ץ‬s x (y)/‫ץ‬y Ͼ 0, is equivalent to
This condition is a spatial form of Hamilton's rule (see also Michod 1995, 1996; Frank 1998; van Baalen and Rand 1998) . The right side is the marginal cost of altruism, and the left side measures the marginal benefit of altruism, weighed by the average frequency q yͦy of recipient neighbors that are phenotypically identical to the focal mutant individual. For a haploid mutant population descended from a single mutation event, the identity in phenotype is equivalent to the identity by descent, and q yͦy provides a measure of relatedness (Day and Taylor 1998) . The mutant relatedness can be expressed as a function of the resident population structure (Appendix 5), hence in terms of the basic demographic, mobility, and lattice parameters, according to the following equality
Thus, relatedness is higher in a population with lower q 0ͦx , which promotes the invasion of even more altruistic phenotypes. Insofar as the local frequency q 0ͦx correlates negatively with the investment u x , this relation establishes a positive ecological feedback on the evolution of altruism: a negative effect of altruism investment on the local frequency q 0ͦx increases the relatedness of mutants, thereby enhancing the selective pressure for increased altruism. Also, equation (5) shows that there is a direct negative effect of mobility on mutant relatedness and an indirect effect through q 0ͦx . Both effects add up to decrease mutant relatedness and weaken the selective pressure that favors altruism. Finally, increasing the neighborhood size, n, decreases q yͦy : a larger neighborhood size hampers the evolution of altruism.
CANONICAL EQUATION OF ADAPTIVE DYNAMICS
We use the results of the previous section to develop a deterministic model of adaptive dynamics under small mutations. This allows us to identify general patterns in the adaptive dynamics of altruism, characterize the evolutionary endpoints, and study transient evolutionary dynamics. In a large population where mutations are rare and mutational steps are small, the stochastic mutation-selection process can be approximated by a deterministic process whose trajectories are the solution of the so-called canonical equation of adaptive dynamics (Dieckmann and Law 1996) :
The bracketed term captures the effect of mutations, involving the mutation probability k, the mutational variance 2 , and the equilibrium population frequency p x of a monomorphic population of phenotype u x . The local direction of phenotypic change is given by the selection derivative (Marrow et al. 1992 ) that we approximate according to equation (4) by
The resting points that satisfy du x /dt ϭ 0 are called ''evolutionary singularities'' and correspond to phenotypic states where the selection derivative vanishes (Marrow et al. 1992) . Thus, at an evolutionary singularity, the marginal cost of altruism balances exactly the marginal benefit weighted by mutant relatedness. A singularity u* can be locally evolutionarily attractive (convergence stable) or acts as an evolutionarily repellor.
Classification of Adaptive Dynamics
We develop a classification of the adaptive dynamics of altruism depending on the cost pattern specified by parameters and ␥. To this end, we perform a numerical bifurcation analysis of the evolutionary singularities generated by equations (6) and (7) with respect to the mobility rate. We obtain five generic bifurcation diagrams as parameters and ␥ are varied (Fig. 5A) .
For a decelerating cost of altruism, there is a single positive singularity that is unstable for any mobility rate (Fig. 5B) . For linear costs, two cases can be distinguished. Either the selfish state undergoes a transcritical bifurcation as mobility increases, turning from unstable to stable and then coexisting with an unstable positive singularity. This is characteristic of weak linear costs (Fig. 5C) . Alternatively, the selfish singularity remains stable irrespective of the mobility rate, which characterizes strong linear costs (Fig. 5D ). For accelerating costs, there are also two distinct patterns. For low values of and ␥, there is a range of intermediate mobility rates over which the adaptive dynamics of altruism possess one unstable and two stable singularities. As mobility decreases, the lower stable equilibrium and the unstable one collide, leaving the upper stable singularity alone. Such combinations of ␥ and values define slowly accelerating costs (Fig. 5E ). For higher values of and ␥, characterizing rapidly accelerating costs, there is a single stable positive equilibrium for every mobility rate (Fig. 5F) .
Generically, natural selection favors altruism in species characterized by a large intrinsic birth rate, b, and a small death rate, d. Also, altruism is selected against in species characterized by a large mobility rate. Selection against the altruistic trait may even lead to the evolutionary suicide of the population, if the adaptive dynamics start from an intermediate level of altruism and a high level of mobility (Figs. 5C-F). Although highly mobile organisms could persist on the ecological time scale provided that they behave sufficiently altruistically, the adaptive process would drive their altruistic investment down to the point where the population becomes inviable. Increasing the size of the neighborhood selects strongly against altruism. The whole patterns are not sensitive to variations in the mobility cost parameter, .
Decelerating Costs
With decelerating costs, there is a single, repelling evolutionary singularity for any mobility rate, and adaptive dynamics exhibit bistability (Fig. 5B) . At the evolutionary singularity, the positive selective pressure on altruism resulting from mutant relatedness and the negative pressure exerted by the physiological cost balance exactly. The evolutionary singularity increases with the mobility rate, which is due to the effect of increased mobility on mutant relatedness as described by equation (5).
Because the cost pattern is decelerating, a slight increase of altruism within the range below the singularity is counterselected by a cost disproportionately larger than the gain. As a result, the adaptive dynamics ought to converge to selfish- ness (Fig. 4A) . If the ancestral population state is sufficiently altruistic, the adaptive process will result in ever-increasing altruism. This is because, with decelerating costs, the cost of altruism increases more slowly than the benefits of altruism resulting from increased relatedness (Fig. 4A) . In real systems, the adaptive increase of altruism should be limited by physiological or functional constraints, and the evolutionary process is expected to halt at such a limiting trait value.
Linear Costs
The adaptive dynamics of altruism in species with linear costs can be classified in two categories according to the cost parameter (Fig. 5A ). For species with low , costs are said to be ''weak linear'' and the adaptive dynamics depend on the mobility rate (Fig. 5C) . For low mobility, the selfish state can be invaded by altruism and the adaptive process leads to the maximum physiologically feasible investment in altruism. Above a threshold on mobility, there exists a positive, repelling singularity and the adaptive process behaves as in the case of decelerating costs. If the initial investment in altruism lies below the singularity, the marginal benefit is too low to compensate for the marginal cost, and decreased altruism evolves. Above the singularity, the adaptive process causes the rise of altruism up to the physiological bound. For species with high (''strong linear'' costs), the selfish state is evolutionarily attractive at any value of the mobility rate (Fig. 5D) .
This pattern can be understood by comparing selective pressures (Figs. 4B, C) . In the case of species with linear costs, the marginal benefit of altruism, (1 Ϫ )q yͦy , increases monotonously toward (1 Ϫ ) as the altruistic investment becomes larger. If is larger than this value, the marginal costs of altruism always oppose the evolution of altruism (Fig. 4C) . Otherwise, in species with low mobility marginal benefits are sufficiently high in the selfish state to select for altruism (Fig. 4B) ; in species with high mobility, marginal benefits exceed marginal costs only at high investment in altruism, and selfishness is locally attractive. The mobility threshold, where the stability of selfishness switches from global repulsion to local attraction, is given by the mobility rate m l of a selfish population at which marginal benefits (1 Ϫ )q yͦy and marginal costs equalize:
This relation shows that among slowly reproducing organisms (small b), altruism may evolve only in species that exhibit little mobility. In species with very weak linear costs, the mobility threshold may not be observed, for it may exceed the critical value (b Ϫ d)/ above which the population becomes inviable (Appendix 3, Ͻ 0.05 in Fig. 5A ). As a consequence, selfishness is invaded by altruism at any mobility rate smaller than this critical value, whereas at higher mobility, the evolution of decreasing altruism always drives the population to extinction (not shown).
Accelerating Costs
With accelerating costs, the cost of altruism is negligible compared to the benefits as long as the investment in altruism is not too high, and the selfish state is always invadable. This is in sharp contrast with predictions from well-mixed populations, in which selfishness cannot be invaded even by only slightly altruistic mutants as soon as altruistic individuals incur a nonzero cost (eq. A14 in Appendix 4). As altruistic phenotypes gain a foothold in the population, there are two possible outcomes depending on the combination of cost parameters.
Under a pattern of slowly accelerating cost (Fig. 5E ), altruism rises toward a high evolutionary singularity in species with low mobility. With higher mobility the adaptive dynamics regime is bistable: the adaptive process converges to a high or a low singularity depending on the ancestral state. Extensive numerical explorations show that the altruism is always obligate (facultative) at the high (low) singularity. Under a pattern of rapidly accelerating cost (Fig. 5F ), the adaptive dynamics converge monotonously to a low altruistic investment, whatever the ancestral state (including selfishness). The selected altruistic trait is found to correlate negatively with mobility. The evolved altruistic interactions shift from facultative to obligate as the cost parameters ␥ and/or increase. The analysis of selective pressures helps us to understand these results (Figs. 4D, E) . With slowly accelerating costs, when mobility is low, the marginal benefits start high and increase slowly (Fig. 4D) . Then mutant relatedness easily opposes the initially low but faster-growing marginal cost. The selective force that favors altruism keeps dominating as the investment in altruism increases, until the marginal costs and benefits of altruism balance each other, which occurs at a high value of altruism. At higher mobility rates, the initial level of relatedness is lower, yet it remains sufficient for altruism to invade (Fig. 4D) . The increase of relatedness with altruism is slower, which causes the selective pressures to balance at a low-altruism singularity. Beyond this point, the negative pressure exerted by the cost grows smoothly, while the positive pressure catches up rapidly across a range of intermediate investments (Fig. 4D ). This generates a second unstable singularity, above which the net selective pressure turns positive again and favors the increase of altruism until a third, attractive singularity is reached at high altruistic investment. With rapidly accelerating costs, the selective pressures balance at a low-altruism singularity (Fig. 4E) . Above the singularity, the net selective pressure against altruism increases, whereas the positive ecological feedback through relatedness remains weak.
Although in general there is no analytical expression for the singularities, the selected altruistic trait reaches a maximum value in the limit where mobility becomes very low, which is given explicitly by 1/(␥Ϫ1)
This maximum is independent of the organism's birth and death rates, and it decreases as the neighborhood size, n, increases. In species that experience rapidly accelerating costs, the singularity smoothly rises toward as mobility u* max decreases. In contrast, species with slowly accelerating costs fall into two main categories: quasi-selfish species and obligatory altruistic species. In these obligatory altruistic species, the level of altruism is approximately equal to and thus u* max primarily depends on cost parameters and habitat connectedness.
EVOLUTIONARY STABILITY AND LARGE MUTATIONS
The previous analysis based on the canonical equation assumes small mutational steps and does not yet address the potential invasibility of attractive states. A locally attractive singularity would give rise to evolutionary branching if it is invadable (Metz et al. 1996) . Evolutionary stability is probed by inspecting pairwise invasibility plots (PIPs; Geritz et al. 1998 ) that display the sign of s x (y) as u x and u y vary throughout the trait space (Fig. 6) . Mutation effects are actually small, but not infinitesimal, and even large mutations may occur, albeit rarely. The PIPs also describe the invasion potential of mutants that may differ substantially from their resident progenitors.
For species with decelerating costs, the PIPs show that selfishness cannot be invaded locally: a slightly altruistic phenotype may not thrive in a primeval egoistic world. However, large mutations can move the population out of the basin of attraction of the selfish state, thus allowing for the adaptive increase of altruism (Fig. 6A) . Even starting from a purely selfish population, rare mutations of large effect, together with random drift in a finite size population, makes this occur with certainty, although the waiting time can be long. The case of species with linear costs is radically different: even very large mutations may not move the population out of the basin of attraction of the selfish state, which is thus globally evolutionary stable (Figs. 6B, C) .
In species with accelerating costs, the PIPs indicate that the attractive singularities cannot be invaded (Figs. 6D, E) . Starting from any viable trait value, altruism gradually evolves toward the singularity, which is robust against invasion by any alternative mutant. Large mutations may fail to invade even if they occur in the direction of adaptation predicted by the selection derivative (Figs. 6D, E ). This will cause the adaptive process to slow down, all the more as it approaches the singularity. The nontrivial zero contour of At low mobility, altruism converges to a high singularity that cannot be invaded. For higher mobility, two evolutionary attracting singularities are separated by a repelling singularity. (E) Rapidly accelerating costs with m ϭ 0, m ϭ 4.5, and m ϭ 9 from left to right. The singularity is evolutionarily attracting and cannot be invaded by mutations of any size. All unspecified parameters in panels A-E are as in Figure 2B -F, respectively. fitness flattens in response to increased mobility, indicating that this evolutionary slowing down (Dieckmann and Law 1996) should be more pronounced in more mobile species. Overall, the inspection of many generic pairwise invasibility plots conclude that the continuous evolution of altruism never undergoes evolutionary branching.
POLYMORPHIC SIMULATIONS
Although our analytical investigation of the evolution of altruism incorporates salient features of the ecological and evolutionary processes, it also involves several important simplifications. We assume an infinite lattice size and describe the ecological dynamics with the standard pair approximation (Appendix 2). The derivation of the fitness measure relies on the small frequency of mutants as they originate and on the assumption that the build up of the mutant's pseudo-equilibrium correlation structure can be regarded as instantaneous (Fig. 3) . Furthermore, the deterministic description of the adaptive dynamics is an approximation for the mean path of a stochastic mutation-selection process (Dieckmann and Law 1996) . Individual-based simulations that track the fate of each individual in the population (Appendix 1) provide a natural way to circumvent these limitations and can be used to test the robustness of our main findings.
Patterns of invasion can be probed by running a large number of stochastic simulations in which a single individual mutant arises in a stable, resident population (Fig. 7A) . We observe a sharp increase of the mutant local frequency q yͦy at low values of p y , which corresponds to the rapid phase of convergence toward the pseudo-equilibrium of the mutant correlation structure (i.e., q yͦy ) predicted by the pair approximation (Fig. 3) .
The evolutionary patterns predicted by the canonical equation can be tested by running individual-based simulations of the mutation-selection process in which the assumption that mutants arise one at a time is relaxed and averaging over a set of simulations (Figs. 7B-F) . In species with decelerating costs, we predict that selfishness is invaded by altruistic phenotypes after a potentially long waiting time. Individualbased simulations confirm this prediction and show that the adaptive increase of altruism starts earlier when mutational effects are larger (Fig. 7B) . Possibly, for very small mutational effects, the corresponding waiting time may be too long for being observed in simulations of feasible duration. Keeping mutational variance constant but increasing mobility or decreasing mutation rate causes a similar increase of the waiting time for altruism to take off. In species with weak Average of 10 independent stochastic trajectories (continuous curves) compared to the deterministic prediction (dashed curves), at low mobility (m ϭ 0, upper curves, simulations run over 600,000 time units) and high mobility (m ϭ 6, lower curves, simulation run over 900,000 time units). Mutation parameters: k ϭ 0.01, ϭ 0.01. Unspecified parameters as in Figure  2B -F, respectively. linear costs, individual-based simulations confirm both the adaptive increase of altruism at low mobility and the evolutionary stability of selfishness at high mobility, even when very large mutations are feasible (Fig. 7C ). In species with strong linear costs, convergence to selfishness or evolutionary suicide, depending on mobility, occurs as predicted by the canonical equation (Fig. 7D) . Species with slowly accelerating costs are characterized by two clear-cut patterns, namely quasi-selfishness versus high altruism. At intermediate mobility, the adaptive dynamics bistability is confirmed by individual-based simulations run from different ancestral conditions (Fig. 7E) . This implies that alternative adaptive investments can be reached for identical life-history profiles, due to different ancestral states or to contingent events during evolutionary history. Notice also that quasi-selfish states are practically indistinguishable from the stable selfish state of a stochastic mutation-selection process. In species characterized by rapidly accelerating costs, the individual-based simulations closely match the predictions (Fig. 7F) . The negative correlation between selected altruism and mobility expected in this case is confirmed. Overall, the agreement between stochastic simulations and the deterministic approximation is satisfactory. In general, the deterministic approximation converges slower than the stochastic process and underestimates the adaptive altruistic investment. This may be due to small systematic errors introduced by the standard pair approximation.
Random lattices (featuring randomly assigned connections between sites) have been proposed for modeling social networks (Rand 1999) . The alternative of a regular habitat geometry, where interactions are limited to the geographically closest sites, compromises the use of the standard pair approximation to derive correlation equations for the population dynamics (van Baalen 2000). Individual-based simulations involving a regular square lattice indicate that our main findings are not altered qualitatively, whereas selected trait values tend to be higher (results not shown).
DISCUSSION
We study the adaptive dynamics of a quantitative trait that measures the individual investment in altruism. The habitat is constant and homogeneous, but selective pressures arise from the phenotypic heterogeneity of the population. Altru-ism evolves from selfishness under a gradual kin selection process. This pattern is similar to the continuous evolution of cooperative investment observed in a spatial evolutionary game (Killingback et al. 1999) . However, our model is not restricted to accelerating costs and pure viscosity, which would make up the most favorable case for the rise of altruism in a selfish population. In fact, we show that the qualitative and quantitative features of the adaptive evolution of altruism depend on the patterns of the cost and their interactions with mutation, individual mobility, and habitat structure. Even when an accelerating cost pattern allows altruism to evolve easily from selfishness (Killingback et al. 1999) , the adaptive increase of altruism appears to be often halted at very low levels. In contrast, when the cost pattern is decelerating, the selfish state will usually be displaced upon to the occurrence of rare mutations of large effects.
Kin Selection, Cooperation, and Competition
The conceptual path followed here to define and measure fitness differs from the usual approach of kin selection theory (for reviews, see Frank 1998; Michod 1999) , although the results from both angles can be formulated in similar terms. Starting from demographic and behavioral processes operating at the level of individuals and their neighbors, we follow van Baalen and Rand (1998) by defining fitness as the invasion exponent of a system of correlation equations for the spatial dynamics of a mutant population. This notion extends the concept of invasion fitness defined for well-mixed populations (Metz et al. 1992; Rand et al. 1994; Ferrière and Gatto 1995) . In our model, invasion fitness is found to compound the per capita intrinsic growth rate and the per capita neighbor-modulated growth rate (Frank 1998 ) that accounts for the respective effects of competitive and cooperative interactions between a mutant focal individual and mutant versus resident neighbors.
In the terminology of kin selection, this invasion fitness is analogous to a direct fitness function from which one can derive a direct fitness gradient and decipher the selective pressures that operate on the trait under consideration (Frank 1998) . We identify three selective pressures acting on altruism: the direct physiological cost to the individual, the indirect beneficial effect of altruistic interactions, and the indirect negative effect of competition for space. According to the analysis of Taylor (1992a,b) and Queller (1994) , spatial kin selection models raise a critical difficulty for the evolution of cooperation, because costs of competing for space with relatives exactly cancel out the benefits of altruism. Similarly, Wilson et al. (1992, p. 340) concluded ''local population regulation often, if not always, cancels the effects of relatedness.'' We arrive at the conclusion that the effect of competition with relatives can become negligible in organisms with a continuous life cycle, which reemphasizes that kin selection is effective in explaining the evolution of unconditional altruism (see also Taylor and Irwin 2000) .
This result holds independently of the level of individual mobility; and therefore cannot be attributed to relaxing the pure-viscosity hypothesis of traditional kin selection models, according to which only offspring are dispersed (Hamilton 1964) . Thus, why is the indirect cost of kin competition so low in our model? Help is processed by any recipient to produce offspring in sites that are unlikely to be located in the donor's neighborhood because of the random structure of the habitat. Even with more regular habitat structure, the availability of free sites to host any donor's offspring is made likely by individual mortality that keeps reopening sites irrespective to social interactions between neighbors.
One key feature of our model therefore lies in the fact that the habitat offers empty sites for the local spread of altruistic mutants. This occurs because the stochastic death process keeps reopening space in the neighborhood of any helping individual. Consequently, the population does not reach a steady state of saturation, and the selective pressure generated by kin competition remains negligible. Such a dominant effect of the availability of free space on the evolution of altruism was anticipated by Taylor (1992b) and Queller (1992 Queller ( , 1994 , who introduced the notion of ''population elasticity'' to refer to it. In a recent study of a contest of selfishness versus altruism, Mitteldorf and Wilson (2000) included a similar effect as generated by environmental stochasticity and came to the same conclusion. However, these authors assumed an initial mixture of egoists and altruists instead of a single mutant in a resident background population, which does not address the crucial phase of the invasion process.
It is unlikely to make much difference whether it is demographic stochasticity or environmental stochasticity that underlies the site-opening process, as long as there is no feedback of the adaptive trait dynamics on that stochastic process. This is the case both in our model and in the study by Mitteldorf and Wilson (2000) because the process of site opening amounts to a form of individual mortality, whereas the altruistic trait affects fecundity. In a different setting where altruism would impact the individual mortality rate, such a feedback could exist depending on whether sites are opened by demographic or environmental stochasticity. The adaptive increase of altruism would reduce the death ratehence the rate of site opening by demographic stochasticity. As a consequence, the selective pressure of local competition against altruism would be enhanced, as can be demonstrated by an extension of our analysis (results not shown) and by the studies of Nakamaru et al. (1997 Nakamaru et al. ( , 1998 and Taylor and Irwin (2000) . By contrast, the rate of site opening due to environmental stochasticity could remain independent of the adaptive change in altruism. Environmental stochasticity might then become critical for the evolution of altruism.
Because the selective pressure resulting from competition for open space turns out to be negligible, the criterion for mutant invasion amounts simply to comparing the marginal physiological cost of altruism to the marginal benefit withdrawn from interaction with the mutant's own kind. This is a variant of Hamilton's rule (Hamilton 1964) , where the coefficient of relatedness is given by the local frequency of mutants neighboring a focal mutant during the invasion process. The appropriate definition of relatedness is the probability of the recipient of a focal mutant's act to be a mutant also; this has been shown in kin selection models involving pairwise interactions (Day and Taylor 1998; Frank 1998) . However, such kin selection models assume that relatedness is constant and that the phenotype of a mutant has no effect on relatedness, which obviously cannot be true when invasion is a dynamical process and altruism impacts the distribution of individuals across space. The approach first advocated by van Baalen and Rand (1998) and followed up in this study shows that the same concept of relatedness holds nonetheless. In effect, relatedness is a dynamic variable for which the relevant equilibrium value can be expressed as a function of basic features of the organism's life cycle and behavior (also see Michod 1995, 1996; Hutson and Vickers 1995; van Baalen and Rand 1998) .
Adaptive Patterns of Altruism
The pattern of physiological costs, individual mobility, the mutation process, and habitat connectedness all interact to determine the adaptive dynamics of altruism ( Table 2 ). The consideration of decelerating costs is more relevant to study the rise of altruism from selfishness. In species with decelerating costs, altruism is under the most stringent conditions to evolve from selfishness. However, once altruism is established by the mutation-selection process, the population invariably evolves toward the physiologically maximum investment. In contrast, the assumption of accelerating costs is more relevant to study the determinants of adaptive variation in altruism. In species with accelerating costs, altruism evolves right away from selfishness (Killingback et al. 1999) ; but contrary to the case of decelerating costs, the evolutionary endpoint is predicted to vary according to the physiological and ecological parameters.
Following from this dichotomy, an important result is that, in general, any ancestral selfish population will evolve some degree of altruism. In the case of accelerating costs, the evolution of altruism is not influenced by the mutation process. On the contrary, assuming that in the primeval selfish state the cost of altruism is decelerating, the adaptive initiation of altruism depends primarily on the mutation process. We found that higher mutation frequency and larger mutational steps decrease the waiting time for altruism to evolve. For a given mutation process, the waiting time also increases with mobility, as higher mobility carries a larger direct cost and lowers the indirect benefit of altruism. The study of a linear cost function, which can be interpreted as a degenerate case in between decelerating and accelerating cost patterns, pinpoints the fallacious consequences that result from restricting attention to such a simple case (e.g., Roberts and Sherrat 1998) . Incorporating a strong linear cost in the model completely hides the potential effect of the genetic process on the displacement of selfishness. The assumption of weak linear costs yields a type of bistable adaptive dynamics similar to the case of decelerating costs. However, large mutations have no effect in this case.
Mobility is expected to be an important factor of adaptive variation in altruism, as shown by the study of accelerating costs of altruism. First, mobility is found to impact the speed of the adaptive process-the altruistic trait evolves at a slower pace among more mobile individuals. Second, mobility is a significant determinant of the evolutionary endpoint. In species with rapidly accelerating costs, the selected altruistic trait value correlates negatively with mobility. In species with slowly accelerating costs, mobility has a profound qualitative effect. High altruistic investments evolve in species with low mobility, whereas quasi-selfishness evolves in species with high mobility. The finding of altruism being associated with low mobility is in line with previous insights into the evolution of cooperation in the iterated prisoner's dilemma game (Dugatkin and Wilson 1991; Enquist and Leimar 1993; Hutson and Vickers 1995; Michod 1995, 1996) , although the mechanisms involved are different. In these studies, mobility opposes the evolution of altruism by reducing the probability of repeated interactions between the same partners. On the empirical side, many independent studies have related the evolution of complex social systems with reduced mobility. For example, the emergence of cooperative breeding in birds may have been driven by delayed dispersal in a context of intense competition for space (habitat-saturation hypothesis; Emlen 1982 Emlen , 1997 . Also, African molerat populations exhibit strong levels of philopatry, and the eusocial species of this mammal group live in the harshest habitats, namely arid zones where benefits of group living are high and dispersal is low (Jarvis et al. 1994; Spinks et al. 2000) .
In species with slowly accelerating costs and low mobility, most variations of altruism between species are expected in response to differences in physiological costs and the degree of habitat connectedness. Our model outlines the importance of describing and measuring these parameters (Heinsohn and Legge 1999) . Controlled experiments including the analysis of a broad range of levels of investment in altruism would enhance our knowledge of the shape and values of costs of altruism. In reality, the costs of cooperation may impact dif-ferent life-history traits at different periods of the individual's life, and these experiments would require multivariate approaches and long-term studies.
In contrast, in species with slowly accelerating costs and high mobility, quasi-selfishness is expected to evolve. This state is eventually indistinguishable from a stable selfish population in which slightly altruistic phenotypes would chronically spread by mutation and drift. High altruistic investments could still be observed by the phylogenetic conservation of an ancestrally altruistic state, whereas a slow environmental change favors an increase in mobility (Fig. 5E) . High altruistic investment would have evolved under the early low mobility and be preserved throughout the subsequent environmental increase of mobility. In support of the role of phylogenetic conservation, recent comparative analyses of sociality have demonstrated a phylogenetic component of sociality in birds (Edwards and Naeem 1993) and different groups of arthropods (Crespi 1996; Wcislo and Danforth 1997) . High levels of investment in sociality seems to be maintained in more varied ecological contexts once they evolve from cooperative ancestors. Possibly, a slow, gradual environmental change could even cause the loss of altruistic behavior at very high mobility through the catastrophic extinction of the population (Fig. 5E ). An environmentally driven loss of sociality may provide another explanation for the uneven distribution of social species across taxa (Velicer et al. 1998) .
Our analysis highlights the critical importance of mobility, which we modeled as a fixed parameter. This simplifying assumption may apply to species in which mobility is strongly constrained by the environment, the developmental program, or the genetic system. Otherwise, mobility and altruism should be entangled in a coadaptive process, the dynamics of which will be investigated in a forthcoming paper.
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simplest approximation, as it assumes that third-order correlations just vanish, and it has been used to construct correlation equations for spatial games (Nakamaru et al. 1997 ) and social interactions (Matsuda et al. 1992) .
We first describe the temporal dynamics of the frequency of occupied sites. We assume that a fixed number of phenotypes are present in the population initially. We use the indices i and j to label phenotypes, and more generally the indices k or l to designate the state of a site, including the empty state 0. We proceed by averaging the local birth rate (eq. A1) over the lattice, which after some algebra yields the average birth rate of a type i individual at time t:
where q jͦi (t) is the local frequency of phenotype j around a focal i individual at time t, the sum is taken over all phenotypes in the population and ϭ 1/n. The mean change in the frequency of the i phenotype at time t during an infinitesimal time step dt then is dp (t)
We now describe the temporal dynamics of the local frequency of sites. Because local frequencies are simply determined by pair frequencies according to q (t) ϭ p (t)/p (t),
where p ki (t) designates the frequency of ki pairs at time t, it is enough to describe the dynamics of the frequencies of pairs involved in equation (A5) to obtain equations for the local frequencies involved in equation (A4). An inventory of all different events that may affect any type of pairs at time t yields three elementary fluxes (van Baalen and Rand 1998; Rand 1999 ). The first is the average per capita input rate of a type i into a 0j pair with j i:
The second flux corresponds to the average per capita input rate of a type i into an 0i pair:
The third flux is the average per capita output rate of a type i from an ij pair:
The term b i0 (t) involved in these fluxes is the average birth rate of a type i individual inside a i0 pair, given by
From equations (A7), (A8), and (A9), we can obtain the dynamics of the frequencies for the three general types of pairs, 0j, ij, and jj. Unfortunately, the dynamics of these pair frequencies depend on higher-order configurations because q kͦil ϭ p kil /p il . Using the standard pair approximation, we assume that q kͦil ϭ q kͦi , which gives dp (t) 0 j Ј ϭ {␣ (t)q (t) Ϫ [␤ (t) ϩ ␦ (t)]}p (t)
k kj j jj k (0, j ) dp (t) ij Ј ϭ [␣ (t) ϩ ␣ (t)q (t)] p (t)
j i i j dp (t) jj ϭ 2␤ (t)p (t) Ϫ 2␦ (t)p (t).
j 0 j j j j dt APPENDIX 3 Monomorphic Population A monomorphic version of the analytical model can be derived from equations (A4) and (A10). We assume there is only one phenotype, and we denote by x the state of an occupied site. We are interested here in the feasible population equilibria. According to equation (A4), the nontrivial population equilibrium q 0ͦx must satisfy the quadratic equation
The spatial population is also characterized by a second, independent statistic, q 0ͦ0 . From equation (A10), q 0ͦ0 satisfies q ϭ ␦ /␣Ј. 
We now analyze the viability and stability of the equilibria if b is sufficiently larger than d. The resident population is inviable when no real solution exists for q 0ͦx , which gives a first extinction boundary ⌬ ϭ 0 and the extinction domain ⌬ Ͻ 0 (where ⌬ denotes the discriminant of the quadratic equation A11). In the area where ⌬ Ͼ 0, there are two subdomains. In the subdomain defined by b(m) Ϫ d Ϫ C(u x ) Ͼ 0, the maximal root of (A11) corresponds to a viable equilibrium that is globally stable. In the disjunct subdomain of obligate altruism, this solution is locally stable and coexists with the locally stable, trivial solution. A saddlepoint separates these two locally attractive solutions. The resident population goes extinct when the saddlepoint collides with the upper boundary, which leads to a second extinction domain adjacent to the first one.
APPENDIX 4 Dimorphic Population
Here we make use of the general polymorphic equations (A4) and (A10) to describe the population dynamics when there are only two phenotypes, indexed by x and y. Deriving a closed dynamical system requires equations for the two global frequencies p x and p y and for the three local frequencies q xͦx , q xͦy , and q yͦy . Using equations (A10) and (A5) for the dynamics of local frequencies and (A4) for the dynamics of global frequencies yields dp (t)
x x dt dp (t) y ϭ (t)p (t), As pointed out by van Baalen and Rand (1998) , the mean-field version of system (A13a-e) with selfishness (x type) and altruism (y type) interacting on the lattice is given by dp This system readily shows that selfishness is uninvadable because it benefits from the same amount of altruism without paying the costs. This serves to highlight that spatial population heterogeneity is a key prerequisite for the invasion of altruism in a selfish world.
